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Shortage of fossil fuel has brought about a strong interest in renewable energy 
sources such as the ethanol. The production of ‘bio-ethanol’ is usually associated with 
fermentation of renewable sources of feedstock by the yeast, Saccharomyces cerevisiae. 
Microencapsulated yeast cells offer several advantages over free yeast cells in 
fermentation. For example, the microencapsulated cells are protected from environmental 
stress and this could prolong their survival and sustain the production of ethanol. Alginate 
is a commonly used polymer matrix for microencapsulation of cells. However, the 
alginate matrix may be disrupted by low pH and the carbon dioxide produced by the 
microencapsulated yeast during fermentation. In addition, the alginate matrix is porous 
and enables breakthrough of the microencapsulated yeast. The application of a coat 
around the yeast-loaded microspheres to serve as a scaffold was therefore investigated in 
this study to overcome the breakthrough of yeast and at the same time allow mass 
transfer through the coat. 
This study demonstrated that the up scale production of discrete and spherical 
calcium alginate microspheres could be achieved by the emulsification method that 
employed a well-balanced formulation. The size of the microspheres produced was 
largely dependent on the viscosity of the sodium alginate solution and HLB value of the 
surfactant blend. On the other hand, the extent of microsphere aggregation was more 
affected by the concentration and HLB value of the surfactant blend. The yield of 
microspheres increased when the HLB value was increased within the range studied, 
except for microspheres prepared with 10 % sodium alginate solution. The mean sizes, 
 viii
sphericity, extents of aggregation and yields of the blank and yeast-loaded microspheres 
were comparable.  
In the spray-drying process, the outlet air temperature had a larger impact on cell 
viability compared to the inlet air temperature and atomising wheel speed. Trehalose 
added to the yeast dispersion provided greater protection to the yeast cells than 
maltodextrin. The viability of the yeast could be preserved by employing trehalose with 
appropriate spray-drying conditions.  
The amounts of ethanol produced by the free and the microencapsulated yeast 
cells in the fermentation medium were compared. A high recovery of ethanol (> 70 %) 
from the fermentation medium was obtained by triple extraction using 2-ethyl-1-hexanol. 
The ethanol yield was accurately assayed by an optimised gas chromatographic method. 
The commercially available turbo extra yeast was more efficient in ethanol production 
than the laboratory available Saccharomyces cerevisiae ATCC 9763. Production of 
ethanol from sucrose by the latter yeast strain was very low and greatly enhanced by the 
addition of malt extract to the fermentation medium. 
Application of an ethylcellulose scaffold around the individual calcium alginate 
microspheres by spray coating was successfully carried out. The scaffold-coated alginate 
microspheres containing yeast cells produced a relatively high ethanol yield but it was 
lower than the ethanol yield of the free yeast cells and alginate microencapsulated yeast 
cells. However, the scaffold enhanced the stability of the microspheres in the 
fermentation medium. These microspheres could be re-used at least 6 times with 
relatively high ethanol yields. 
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1. Non-renewable energy 
Fossil fuels such as coal, gas and oil are currently the world’s main energy 
sources. It was reported that the global energy consumption rate increased 17 folds in the 
last century (Demirbas, 2007) and it is expected to grow further in the future. However, 
these non- renewable energy sources are steadily depleting and this has led to rising fuel 
prices. The use of fossil fuels has also contributed to negative effects on the environment 
and human health. The burning of fossil fuels in the industries, agriculture and 
transportation is the primary source of greenhouse gasses, such as nitrous oxide, nitrogen 
oxides, methane, carbon monoxide, carbon dioxide, chlorofluorocarbon and sulfur 
dioxide, as well as particulates, that are responsible for global warming, air pollution and 
acid rain (Scragg, 2005).  
 
2. Renewable energy 
The growing environmental issues, especially greenhouse gas emission from the 
automotive sector, depleting fossil fuel resources and increasing fuel cost, have gained 
much attention in recent years.  This predicament has initiated an urgent search for an 
‘environmentally friendly’ and sustainable energy resource. Bio-fuels, namely bio-
ethanol and bio-diesel are examples of renewable sources derived from biomass. The 
latter consists of organic matter which may be obtained from agricultural waste, 
industrial waste or cultivated crops. Bio-diesel is mainly produced from oil extracted 
from plants like rapeseed, soybean, palm and sunflower while bio-ethanol is obtained 
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from fermentation of biomass such as wheat, maize, sugar beet and potatoes (Demirbas, 
2007) by microorganisms, mainly Saccharomyces cerevisiae. 
The primary goals of attaining sustainable energy resources are to secure a long-
term energy supply, reduce energy import and reduce environmental damage (Cadenas 
and Cabezudo, 1998; Hamelinck and Faaij, 2006). The availability of energy supply 
plays a critical role in minimising fluctuations of the international energy stock level and 
stabilising fuel prices (Cadenas and Cabezudo, 1998). In addition, most nations are 
capable of producing bio-fuels from cultivated crops or recycling of waste products and 
this reduces their dependence on imported fuel. On the environmental front, the use of 
bio-fuels will reduce the accumulation of atmospheric carbon dioxide as this gas, which 
is emitted during combustion, is consumed by the crops during photosynthesis (Demirbas, 
2007). Compared to pure gasoline, an ethanol-gasoline blend (gasohol) with 10 % ethanol 
was found to achieve a reduction of 25 % or more in emission of carbon dioxide (Mandil 
et al., 2004a).  Decreased production of sulfur dioxide and particulates from blends of 
ethanol with petrol or diesel was also reported (Mandil et al., 2004a; Scragg, 2005; 
Lapuerta et al., 2008). 
 
3. Bio-ethanol 
Bio-ethanol is widely used as an alternative fuel to petrol for transportation 
(Cadenas and Cabezudo, 1998). Since the energy crisis in the 1970s, bio-ethanol 
production was initiated in the United States from the 1980s using corn as the energy 
crop while bio-ethanol production from sugar cane began in Brazil from as early as 1975 
(Mandil et al., 2004c; Scragg, 2005; Mojovic et al., 2006). 
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Bio-ethanol is usually used as a blend that comprises gasoline and bio-ethanol, 
with concentration ranging from 5 % (E5) to 85 % (E85) (Demirbas, 2007). The low-
level bio-ethanol blends are widely used in Europe, Canada, Australia and US while the 
high-level bio-ethanol blends are more commonly employed in Brazil. Engine 
modification is not required for utilization of low-level bio-ethanol blends such as E5. 
When a high-level bio-ethanol blend is used, some engine modifications are needed as 
alcohols tend to accelerate the corrosion of metals, degrade plastics, rubber and other 
materials (Mandil et al., 2004a; Demirbas, 2007).  
Bio-ethanol production involves the conversion of sugars to ethanol by 
microorganisms through the fermentation process. Bio-ethanol can be produced from 
various types of feedstock, such as sucrose-containing feedstock (sugar cane and sugar 
beet), starchy materials (corn, wheat, other cereals and tubers), lignocellulosic biomass 
(grass and trees) and waste biomass (crop residue and forestry waste) (Cardona and 
Sánchez, 2007; Mandil et al., 2004b). Mechanical and chemical pretreatments are usually 
applied to lignocellulosic biomass to degrade the complex lignocellulosic structures into 
non-fermentable lignin component and fermentable cellulose and hemicellulose 
components which can be further hydrolysed into sugars suitable for fermentation 
(Cadenas and Cabezudo, 1998; Demirbas, 2007). Conversion of sucrose-containing 
feedstock to bio-ethanol is much easier compared to starchy materials or lignocellulosic 
feedstock, as no additional enzymatic or hydrolysis pretreatment is required. Bio-ethanol 
is produced from glucose according to the following stoichiometric equation: 
 
C6H12O6 (glucose) 2C2H5OH (ethanol) + 2H2O (water)          (1) 
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The ethanol produced during fermentation by microorganisms is usually removed from 
the fermentation medium by distillation and the aqueous ethanol is further dehydrated to 
obtain anhydrous ethanol for gasoline (Cardona and Sánchez, 2007). 
In recent years, a number of studies have focused on the development of cost 
effective technology because the cost for conversion of biomass to fuels is much higher 
compared to the cost of fossil fuel (Cardona and Sánchez, 2007; Hamelinck and Faaij, 
2006). In order to reduce the cost further, the byproducts and coproducts of fermentation 
are recovered for use as animal fodder (Henke et al., 2006). The high production cost of 
the pretreatment process for conversion of lignocellulosic biomass to bio-ethanol has led 
to the development of more efficient pretreatment processes such as steam pretreatment 
(Ohgren et al., 2007; Sassner et al., 2006), steam-explosion pretreatment (Mabee et al., 
2006) and thermochemical pretreatment (Gray et al., 2006). Genetically-engineered 
microorganisms such as Zymomonas mobilis and Saccharomyces cerevisiae have also 
been employed to achieve a higher conversion rate of the biomass to bio-ethanol. These 
microorganisms have the ability to digest both xylose and glucose that are produced 
during the biomass pretreatment (Gray et al., 2006; Schell et al., 2007). Another 
approach to increase fermentation efficiency was by microencapsulating the 
microorganisms. The advantages of using microencapsulated cells over free cells will be 







A bioreactor is a system for supporting microorganisms to carry out biochemical 
activities such as the production of metabolites or the bioconversion of organic waste. A 
fermenter is an example of a bioreactor where the anaerobic fermentation process could 
be carried out to convert sugar into ethanol. Various bioreactor operations with different 
ethanol productivity, such as batch culture, continuous culture and multi-vessel 
continuous stage culture, have been employed (Table 1). The operation of a continuous 
culture with cell recycling and removal of ethanol from the fermentation medium is by 
far the most desirable method as a high ethanol production rate can be achieved (Scragg, 
2005). However, continuous cultures composed of free cells often encounter cell wash-
out or overpopulation of cells (Tramper, 1990; Liu and Shen, 2008). In addition, the 
removal of the cells from the medium at the end of the operation is tedious, requiring 
flocculating agents or centrifugation to recover the cells from the medium (Lafforgue et 
al., 1987; Primrose, 1987; Fleet, 1998).  
 
Table 1. Ethanol productivity of various bioreactor operations  
(Adapted from Scragg, 2005). 
 
System Ethanol productivity (g/l/h) 
Batch                     2 
Continuous                     5 
Continuous, multi-stage                    12 
Batch with cell recycle                    15 
Continuous with cell recycle                    40 
Continuous with vacuum removal of 




The microencapsulation of cells in a polymer matrix was proposed as a 
microbioreactor system for its capability to retain high cell concentrations while enabling 
the biochemical activities to take place. The advantages of the microencapsulated cell 
system include the prevention of problems associated with cell wash-out (Scott, 1987; Qi 
et al., 2005) and the ease of collection and recycling of the cells (Tramper, 1990; Qi et al., 
2005). In addition, the efficiency of ethanol production may be enhanced as very high 
cell densities can be achieved in small-scale facilities, saving much infrastructure capital 
expenditures (Walker, 1998). 
 
B. CELL MICROENCAPSULATION 
1. Definition of microencapsulation 
Microencapsulation is a process by which the core materials, such as 
microorganisms, enzymes, drugs, mamalian cells and food ingredients, are entrapped or 
encapsulated by a polymer. With the various preparative methods and polymers used for 
microencapsulation, two forms of microparticles are produced, namely microcapsules 
and microspheres. Microcapsules represent a type of micrometric reservoir system that is 
identified by a solid shell enclosing a solid or liquid core. On the other hand, 
microspheres represent a micrometric matrix system, where the individual unit is a solid 
sphere composing of a matrix containing the microencapsulated active agent (Benoit et 
al., 1996; Brandau, 2002). The size of microcapsules may range from 1 to 2000 μm. The 
various forms of microcapsules are shown in Figure 1. The form of microcapsules 
obtained is usually affected by the formulation and manufacturing process employed 
(Deasy, 1984; Shahidi and Han, 1993).  
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Microencapsulation is commonly employed in the pharmaceutical, neutraceutical, 
cosmetic, chemical, and food industries for various purposes. The first commercially 
known microencapsulation development was the microencapsulation of colorless dye 
precursor for carbonless copy paper by the National Cash Register Company in the 1930s 
(Deasy, 1984; Thies, 1996). Since then, many improved microencapsulation methods 





















Figure 1. Forms of microcapsules (a) mononuclear spherical, (b) multinuclear spherical, 
(c) dual-walled mononuclear, (d) encapsulated microcapsules, (e) multinuclear irregular 
and (f) multinuclear irregular cluster (Adapted from Deasy, 1984).  
 
One of the main advantages of entrapping solid or liquid in polymer is the 
protection of these substances from toxic compounds, deteriorative reactions or adverse 
environmental stress such as pH, temperature, organic solvent, light, osmotic force and 
oxygen (Shahidi and Han, 1993; Park and Chang, 2000; Gouin, 2004). Besides, 
(a)           (b)     (c) 
(d)            (e)        (f) 
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microencapsulation also enables taste masking and controlled release of the core 
materials.  
 
2. Microencapsulation of microorganisms 
Microencapsulation of microorganisms has attracted increasing attention in recent 
years. Microencapsulated microorganisms are used in the food industry, agriculture, 
environmental control and in ethanol production. Bifidobacteria were microencapsulated 
in whey protein to enhance their viability in yogurt during storage (Picot and Lacroix, 
2004). The microencapsulated Pseudomonas fluorescens-putida obtained by spray drying 
technique was incorporated in the seed coating material as plant growth stimulator 
(Charpentier et al., 1998) while Beijerinckia sp. was microencapsulated in carbohydrate 
for the production of biodegradable plastic (Boza et al., 2004). The microencapsulation 
of microorganisms as bioreactor for fermentation to produce bio-ethanol has attracted 
much interest in the search for renewable energy to replace depleting fossil fuels. A 
number of studies have reported on the microencapsulation of yeast cells to enhance the 
production of bio-ethanol (Sun et al., 1997; Qi et al., 2005; Peinado et al., 2006; Liu and 
Shen, 2008).  
Microencapsulation enables high cell load in the bioreactor, which can contribute 
to higher fermentation rate and ethanol yield (Bruno-Barcena et al., 2001). In addition, it 
was reported that microencapsulated yeast cells were protected by the encapsulant 
polymer from the toxic effects of substances such as ethanol, lactic acid and acetic acid 
(Norton et al., 1995; Abbott and Ingledew, 2004). Furthermore, microencapsulated yeast 
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cells can be retained in the bioreactor during fermentation and can be easily collected or 
recycled (Godia et al., 1987; Tramper, 1990; Agrawal and Jane, 1986).  
Polyacrylamide was one of the early encapsulant materials used for the 
entrapment of cells (Godia et al., 1987; Scott, 1987; Park and Chang, 2000). However, it 
was found that the polymerization conditions damaged the cells. Other polymers that had 
been employed include carrageenan, alginate, chitosan, gelatin and DEAE-cellulose 
(Godia et al., 1987; Smogrovicova and Domeny, 1999; Decamps et al., 2004). Among 
the natural polymers, sodium alginate is the most commonly used for the 
microencapsulation of yeast cells for ethanol production. This is due to the possibility of 
alginate gelation under mild conditions with non-toxic chemicals. However, there are 
some disadvantages of using calcium alginate. For example, the carbon dioxide produced 
during fermentation might rupture the weak alginate matrix. Due to its rather porous 
structure of approximately 10 µm (Ribeiro et al., 1999), breakthrough of cells often 
occurs during fermentation (Godia et al., 1987; Park and Chang, 2000). In addition, 
calcium alginate is unstable in the presence of phosphate (Godia et al., 1987).  
Studies have been carried out to increase the mechanical strength of the calcium 
alginate microspheres by applying a coat of chitosan (Ribeiro et al., 1999; Park et al., 
2004) or polymethyl methacrylate (Chan et al., 2005) for sustained-release of drugs. The 
sustained-release profile was found to be improved because of the additional layers of 
coat. This coating method was also applied in the microencapsulation of Saccharomyces 
cerevisiae in alginate-chitosan-alginate microcapsules. However, leakage of cells was 
observed through cracks in the microcapsules (Qi et al., 2005). 
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Hence, the application of coat on yeast-loaded alginate microspheres to serve as a 
scaffold was further investigated in this study. The ethanol production rate and yield were 
used as parameters for determining the success of the microencapsulation process and its 
efficiency. 
 
3. Techniques of microencapsulation 
The microencapsulation processes are classified as chemical or mechanical. The 
various methods include coacervation, polymerization, interfacial polycondensation, 
spinning disk and centrifugal coextrusion, fluidized bed, spray cooling, and spray drying 
(Deasy, 1984; Tewes et al., 2006). These microencapsulation methods are generally 
aimed at undertaking a high material loading, imparting controlled release characteristic, 
protecting the core materials from adverse environmental effects, taste masking, and / or 
promoting easier handling of materials. Another desirable attribute of a 
microencapsulation method is the capability to produce microspheres of defined size and 
structure. The commonly used microencapsulation methods for yeast cells are the 
extrusion (Yu et al., 1996; Smogrovicova and Domeny, 1999) and emulsification 
methods (Decamps et al., 2004). However, the size of extruded particles are often in the 
range of 1 to 3 mm. Smaller microspheres are preferable as it would allow better mass 
transfer. The emulsification and spray drying methods were investigated in this study. 
 
a. Emulsification technique 
Calcium alginate pellets and microspheres can be produced in large quantities by 
extruding sodium alginate solution through nozzles to form droplets which are then 
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congealed in a calcium chloride solution. The mean size of these extruded particulates is 
rather large due to the use of large nozzle orifices to avoid clogging. Therefore, to 
produce very small microspheres in the size range of 50-100 µm, an alternative method 
by emulsification becomes necessary. The emulsification method involves the dispersion 
of sodium alginate solution in an immiscible organic phase at high stirring rate to bring 
about the formation of sodium alginate globules in the organic phase (Wan et al., 1990; 
Wan et al., 1993; Wan et al., 1994). The emulsion is stabilized by a mixture of 
surfactants of different hydrophilicity. The alginate globules are then congealed by the 
addition of calcium chloride to form rigid microspheres.  
 
b. Spray drying technique 
Spray drying is a popular method for microencapsulation of drugs (Zgoulli et al., 
1999; Coppi et al., 2002), microorganisms (Charpentier et al., 1998; Boza et al., 2004; 
Picot and Lacroix, 2004) and food additives (Shahidi and Han, 1993; Minemoto et al., 
2002). It involves the atomisation of the liquid feed into fine droplets in a drying chamber. 
The residence time of the particles formed in the chamber is usually very short (about 30 
seconds or less). The dried particles are separated from the exhaust air by a cyclone 
(Master, 2002). The schematic diagram for the spray dryer is shown in Figure 2.  
The most important aspect of spray drying is the atomisation step which 
determines the size distribution of the spray dried product. One of the main advantages of 
microencapsulation by spray drying is the possibility of large scale production of 
particles in a one-step process. It is also suitable for the manufacture of sterile products 
and can be used for both thermoresistant and thermosensitive materials. 
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Figure 2. Schematic diagram of a spray dryer. 
 
The coating of the calcium alginate microspheres to provide a scaffold was 
explored by combining of the two microencapsulation techniques mentioned above. In 
this study, the emulsification technique was used to prepare the yeast-loaded calcium 
alginate microspheres while the spray drying technique was used to produce the scaffold 










Figure 3. Microencapsulation of yeast cells (a) free yeast cells, (b) calcium alginate 





C. POLYMER FOR MICROENCAPSULATION 
The criteria for the selection of suitable microencapsulation and coating polymers 
include compatibility with core material, non-toxic property and sufficient mechanical 
strength (Nagashima et al., 1983; Pilkington et al., 1998). Sodium alginate, carrageenan, 
polyacrylamide, epoxy resin and polyester are some of the polymers that have been used 
for the microencapsulation of yeast cells (Nagashima et al., 1983).    
 
1. Alginate  
Alginate is a polysaccharide that forms the major structural constituent of the cell 
wall of brown algae. It is composed of two monomers, β-D-mannuronic acid (M) and α-
L-guluronic acids (G) (Figure 4). Alginate monomers can be organized as mannuronate 
diads (MM), guluronate diads (GG) or hetero-diads (MG). The gel forming ability and 
stability of alginate depend on the G monomers as they are responsible for the 
crosslinking action with divalent cations to form a hydrogel (Imeson, 1999). A higher G 
fraction in alginate will result in a greater ability to form a more stable gel. Alginate has  
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Figure 4. Monomers of alginate 
 
been used extensively for the microencapsulation of microorganisms due to its non-toxic 
nature. In addition, its gelation could be achieved easily under mild conditions. 
 
2. Ethylcellulose 
Ethylcellulose (EC) is a polymer used for film coating of solid dosage forms to 
achieve controlled release of drugs. The aqueous ethylcellulose pseudolatex dispersion 
was chosen to avoid the potential toxicity and hazards associated with the organic 
solvent-based coating solution (Banker and Peck, 1981). EC, which is a semi-synthetic 
cellulose derivative, is water insoluble but it can be formulated as an aqueous pseudolatex 
dispersion. EC is popular as a water insoluble film former due to its high tensile strength, 
low permeability to water vapor and low solubility in water. These characteristics will 
probably enable the EC scaffold to prevent the leakage of cells from the alginate 
microspheres to the bulk medium.  However, due to the potential of EC to retard mass 
transfer during fermentation, hydrophilic additives should be included to modify the 




D. ETHANOL PRODUCTION 
1. Microorganisms 
The production of bio-ethanol involves the conversion of sugars, such as glucose, 
sucrose, fructose, galactose, xylulose, maltose and maltotriose by microorganisms 
through an anaerobic process known as fermentation. The utilization rate of fermentable 
sugar varies among the microbial species. Microorganisms capable of producing ethanol 
include yeast (Saccharomyces cerevisiae, Saccharomyces carlsbergensis, Kluyveromyces 
fragilis, Kluyveromyces marxianus, Candida tropicalis) and bacteria (Zymomonas 
mobilis, Clostridium thermocellum, Escherichia coli) (Karsch et al., 1983; Boyle et al., 
1997; Scragg, 2005, Okuda et al., 2007). Among these microorganisms, Saccharomyces 
cerevisiae is the most commonly employed for ethanol production as it is a generally 
recognized as safe (GRAS) microorganism that has the capacity to produce a high 
ethanol concentration from carbon sources (Cot et al., 2007).  
 
a. Saccharomyces cerevisiae 
Saccharomyces cerevisiae is also called baker’s yeast or brewer’s yeast as it has 
been traditionally used for centuries in brewing, wine making and baking. Yeast is a 
unicellular eukaryote under the kingdom of fungi. The yeast cells are ovoid in shape and 
reproduce by budding as shown in Figure 5. The buds (daughter cells) are formed in a 
multilateral or multipolar mode.  They may arise at various sites of the mother cell but 
the buds are never produced more than once from the same site. The budding of daughter 
cells may be very rapid as the mother cell could sometimes have 2 daughter cells 








Figure 5. Morphology of yeast cells (Adapted from Madigan et al., 2000a; Madigan et al., 
2000b). 
 
25 to 30 °C and pH of 4 to 6. However, yeast cells can tolerate a wide pH range, from 3 
to 8 (Gump et al., 2001).  
Saccharomyces cerevisiae is useful in the food, chemical, pharmaceutical, 
agricultural and bio-fuel industries. The usefulness of yeast in these industries is 
attributed to its ability to carry out fermentation. In addition, it can be easily isolated from 
soil, fruits, food and beverages (Cadogan and Hanks, 1995a; Kumar and Kumar, 2001). 
Biotechnological advances have improved the biological activities of yeast through 
genetic modification. Together with improved design, operation, monitoring and control 
of the fermentation process, the enhanced strains have increased bio-ethanol production 
markedly. Commercial yeast strains available these days are usually produced by 
crossing strains, making them superior in growth rate, size and tolerance to ethanol 







Saccharomyces cerevisiae undergoes anaerobic respiration in the absence of 
oxygen (Embden-Meyerhof-Parnas Pathway), in which sugar is broken down to ethanol 
and carbon dioxide (Fleet, 1998). This forms the basis of fermentation. The utilisation of 
sugars is highly specific for some yeast strains (Barnett, 1997). Sucrose, maltose, 
raffinose and D-galactose can be utilized by most strains while α,α-trehalose, melezitose, 
starch, D-mannitol and D-glucitol can only be utilized by certain strains (Barnett, 1997). 
Factors affecting the fermentation rate include the concentration and viability of 
yeast cells, concentration of fermentable substrate, fermentation temperature and 
contamination by other microorganisms (Fleet, 1998). The ideal inoculum size for 
fermentation is about 107 yeast cells per ml of fermentation medium. Other 
microorganisms in the medium will compete with the yeast for the substrate and this may 
affect the yield of bio-ethanol (Fleet, 1998).  An appropriate fermentation temperature is 
important as a high temperature will lead to the inactivation or denaturation of cells 
(Gump et al., 2001). High sugar concentration will also bring about a slow fermentation 
rate as the high osmotic pressure interferes with cellular functions (Gump et al., 2001). 
The productivity of the yeast cells is usually affected by the yeast metabolites 
produced during fermentation and they may eventually cause cell death. These inhibitory 
products include ethanol, carbon dioxide, acetic acid and lactic acid. Ethanol 
concentration of 5 to 10 % was reported to be inhibitory to cell growth (Madigan et al., 
2000b; Scragg, 2005). However, the tolerance of cell to ethanol is dependent on yeast 
strains. The toxic effects of metabolites on yeast cells include the modification of cellular 
membrane, induction of stress responses and reduction of glucose and ammonia uptake 
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by the cell (Cot et al., 2007). Gump et al. (2001) reported that carbon dioxide 
concentration above 0.2 atmosphere was toxic to yeast cells. The growth rate of the yeast 
cells was reduced by acetic acid and lactic acid concentrations of 0.05 % w/w and 0.8 












II. HYPOTHESES AND OBJECTIVES 
The depleting fossil fuel resources, rise in fuel prices and global warming have 
collectively set off the search for alternative fuels, in particular, ethanol. The primary 
goals for the search of renewable energy are to secure long-term energy resources, reduce 
energy imports and reduce harm to the environment. Ethanol has become the main viable 
alternative fuel to replace petrol. Ethanol production is usually carried out using 
microorganisms by fermentation. Free yeast cells employed in fermentation often 
encounter cell wash out. With time, cell death occurs due to the toxic effects of the by-
products in the fermentation medium or depleting nutrient sources. 
Microencapsulation of yeast cells in calcium alginate microspheres has been 
proposed to overcome the afore-mentioned problems. However, due to some 
disadvantages associated with the alginate matrix such as porous structure and 
disintegration of the matrix, breakthrough of cells often occurs during fermentation. 
Studies have been carried out to increase the mechanical strength of the calcium alginate 
microspheres by applying a coat on the microspheres. The release rate of drugs was 
found to decrease significantly because of the additional layers of coat. However, there is 
limited study on the coating of microspheres containing yeast cells and its impact on 
fermentation.  
It was hypothesized that scaffolded microencapsulated yeast cells could be 
prepared and effectively used as recyclable microbioreactors. Therefore, one of the 
objectives of this study was to microencapsulate yeast cells in alginate microspheres 
prepared by the emulsification technique. A coating was then applied to the microspheres 
to act as a scaffold to preserve the integrity of the microspheres undergoing fermentation.  
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The fermentation efficiencies of the free and the microencapsulated yeast cells, with and 
without scaffold, were compared. The feasibility of recycling the yeast-loaded 
microspheres for fermentation was determined by introducing the microspheres into a 
fresh medium and then the amount of ethanol produced was determined. This procedure 




A. MATERIALS  
1. Microorganisms and culture media 
Two types of yeast strain were used: Saccharomyces cerevisiae ATCC 9763 and 
commercially available active dry yeast (Turbo Extra Yeast, Still Spirit, New Zealand). 
Malt extract agar and broth (Oxoid, UK) were used as the media for yeast cultivation.  
 
2. Microencapsulation polymer and chemicals  
Sodium alginate of low viscosity (Sigma, USA) was used as a polymer matrix for 
microencapsulation of yeast cells by the emulsification method. The organic phase 
consisted of isooctane (Merck, Germany) and the surfactants sorbitan trioleate (Span 85; 
Sigma, USA) and polyoxyethylene sorbitan trioleate (Tween 85; Merck, Germany). The 
cross-linking agent used for sodium alginate was calcium chloride (Merck, Germany). 
 
3. Coating materials 
Two types of aqueous ethylcellulose dispersion (EC; Aquacoat, type ECD-30, 
FMC Corporation, Newark, USA and Surelease, Colorcon, West Point, USA) were used 
for coating the calcium alginate microspheres. The plasticizer for Aquacoat was triethyl 
citrate (TEC; Merck, Germany). Protectants used for spray drying were maltodextrin 





4. Fermentation media 
The fermentation media consisted of malt extract broth (Oxoid, UK), sucrose (SIS, 
Singapore) and glucose (Merck, Germany). 
 
5. Ethanol assay 
The solvent used for ethanol extraction was 2-ethyl-1-hexanol (Merck, Germany) 
and the internal standard for ethanol assay by gas chromatography was acetone (Lab-
Scan, Ireland). Absolute ethanol (Far East Distiller, Singapore) was used for the 

















1. Preparation of yeast inoculum 
a. Saccharomyces cerevisiae ATCC 9763 
The growth phase of Saccharomyces cerevisiae ATCC 9763 was determined to 
obtain yeast cells in their active growth phase. Pure yeast culture was maintained on malt 
extract agar at 4 °C. Preparation of yeast cells in the late exponential growth phase was 
carried out by inoculating a single colony of the yeast culture in 300 ml of sterile malt 
extract broth and incubation was carried out in a shaker water bath (Firstek B602D, Iran) 
at 30 °C and 90 strokes per min. An aliquot sample of 1 ml was taken from the medium 
every 2 h interval, between 12 h to 24 h of incubation, for viable cell count. Viable cell 
count was carried out by spread plate method using malt extract agar. The number of 
colony forming unit (CFU) was determined after 48 h of incubation at 37 °C. The higher 
incubation temperature of 37 °C, instead of 30 °C, was used because the higher 
temperature was found to shorten the incubation period needed for the development of 
visible colonies for ease of counting. The yeast culture turbidity was also determined 
every 2 h by measuring the optical density (OD) using a UV spectrophotometer (UV-
1201, Shimadzu, Japan) at 620 nm. 
In the exponential phase of growth, the number of CFU or turbidity increased 
exponentially with time. The yeast inocula for subsequent experiments were obtained 
from this phase of growth. The yeast cells from the broth were then harvested by 
centrifugation (Kubota 1720, RA-200J rotor, Japan) at 4 °C, 10,000 rpm for 10 min. The 
yeast pellet collected after centrifugation was dispersed in sterile water and the cell count 
of the dispersion standardised by turbidity measurement using the UV spectrophotometer 
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at 620 nm. Viable cell counts were also carried out for aliquot samples of the yeast 
dispersion. 
 
b. Turbo extra yeast 
The yeast was revived according to the instructions of the supplier. One g of the 
yeast granules was sprinkled into 9 g of sterile water and left undisturbed for 15 min 
before it was stirred. The dispersion was then left undisturbed again for another 5 min 
before it was standardised by turbidity measurement to produce the inocula with a cell 
count of 109 cells per ml. The viable cell count of the inocula was confirmed by the 
spread plate method using malt extract agar.  
 
2. Preparation of calcium alginate microspheres 
a. Optimisation of calcium alginate microsphere production 
The emulsification method was used for the preparation of calcium alginate 
microspheres (Wan et al., 1990; Wan et al., 1992). The procedure is shown in Figure 6. A 
previously sterilized sodium alginate solution (100 g) was dispersed as globules in 150 g 
of isooctane containing Span 85 with the aid of a mechanical stirrer (EuroStar, IKA®-
WERK, Germany) at 1000 rpm for 10 min. Ten grams of Tween 85 solution was then 
added and stirring continued for another 5 min. This was followed by the addition of 50 g 
of 25 %w/w calcium chloride solution and stirring continued for another 10 min to 
congeal the globules. The mixture was allowed to stand for 2 h before the microspheres 




























10 min 5 min



















and the suspension was passed through a 600 μm mesh. The microspheres in the filtrate 
were collected by filtration in vacuo for characterisation. 
Optimisation of the microsphere production method was carried out by using 
various concentrations of sodium alginate (8, 9 and 10 %w/w) and surfactant blends (3, 4 
and 5 %w/w) with different HLB values (5, 6, and 7) (Table 2). The microspheres were 
characterised to determine the effects of the afore-mentioned production variables. The 
optimised formulation was then employed to produce generally spherical and discrete 
microspheres with mean size of 20 to 30 µm. 
 





















b. Characterisation of calcium alginate microspheres   
The concentrations of sodium alginate and surfactants, as well as the HLB value 
of the surfactant blend, were varied to determine their effects on the morphology of the 
microspheres produced. The shape, size and degree of aggregation of the wet 
microspheres were determined using a light microscope (Olympus BX61, Japan) 
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connected to an image analysis system (DXC– 390P 3CCD, Sony, Japan). The shape of 
microspheres was defined by the roundness index (Equation 2) where a value of unity 
corresponds to a perfect circle.  
 
      Roundness = (perimeter)2 / 4π (area)                                       (2) 
 
The mean size and size distribution of the microspheres were determined from at 
least 200 particles for each batch. 
  
c. Production of calcium alginate microspheres containing yeast cells  
The optimised formulation was used to produce calcium alginate microspheres 
containing yeast cells. A standardised yeast inoculum containing approximately 109 cells 
was dispersed into the previously sterilized sodium alginate solution and the 
microspheres produced according to the procedure described in Section B. 2a. 
 
d. Scaffold-coating of calcium alginate microspheres containing yeast cells  
Six batches of freshly prepared calcium alginate microspheres containing yeast 
cells were prepared and combined for coating. The microspheres were re-dispersed in 
sterile water and the dispersion passed through a 600 µm mesh to remove any lumps. The 
aqueous EC pseudolatex dispersion, containing protectant and plasticizer where 
appropriate, was prepared. The microspheres were distributed in the EC pseudolatex 
dispersion using a magnetic stirrer (J.Bibby Science, UK). The weight ratio of the dry 
microspheres to the EC solid content in the psuedolatex dispersion was varied (2:1 and 
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1:1). The dispersion was then spray dried (Mobile Minor, Niro, Denmark) to apply a 
scaffold on the microspheres, using a rotary atomiser wheel speed of 23000 rpm and inlet 
and outlet air temperatures of 140 °C and 60 °C respectively. The spray-dried products 
were subjected to fermentation studies within the same day. 
 
3. Determination of range of operating conditions suitable for spray drying of 
yeast cells  
 
The calcium alginate microspheres would be coated with an EC pseudolatex 
dispersion by the spray drying technique. Therefore, the effects of a range of operating 
conditions for spray drying, such as the inlet and outlet air temperature and the atomising 
wheel speed, on the viability of yeast cells were determined prior to the coating process.  
 
a. Preparation of feed dispersion containing yeast cells 
Saccharomyces cerevisiae ATCC 9763 and turbo extra yeast were harvested 
according to the procedures described in Sections B.1a and B.1b. The yeast pellet 
obtained was dispersed in sterile water with either 10 %w/w maltodextrin or 10 %w/w 
trehalose. The turbidity and viable cell count of the dispersion were determined and the 
dispersion diluted appropriately to obtain a standardised feed dispersion.  
 
b. Spray drying of yeast cells 
A spray dryer (Mobile Minor, Niro, Denmark) with a rotary atomiser was used to 
spray dry the feed dispersion containing yeast cells. The spray drying conditions studied 
were inlet air temperature of 130 to 150 °C, outlet air temperature of 50 to 70 °C and 
atomising wheel speed of 20000 to 25700 rpm.  The feed dispersion was stirred with a 
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magnetic stirrer (J. Bibby Science, UK) to ensure uniform distribution of the yeast cells 
throughout the spray drying operation. 
 
c. Determination of yeast cell viability 
The viability of the yeast cells was determined before and after spray drying by 
spread plate method using malt extract agar.  Equivalent amounts of these samples were 
diluted appropriately before plating. The plates were incubated at 37 °C for 72 h. The 
extent of cell death (log reduction factor) due to the spray drying process was calculated 
as the log of the ratio of viable count before and after spray drying. At least triplicate 
determinations were carried out. 
 
4. Preformulation study of coating materials 
a. Stability of coating materials 
The coating materials (Surelease and Aquacoat with or without 30 % of triethyl 
citrate) were sterilized using an autoclave (Hirayama, Japan) at 121 °C, 15 psi for 15 min. 
Triethyl citrate was sterilized using either an autoclave as described above or an oven 
(WTB Binder, Germany) at 160 °C for 2 h. The stability of these materials were 
determined by comparing their viscosity before and after sterilization using a rheometer 
(RheoStress®, ThermoHaake RS1, Germany), with a shear rate of 500 s-1 and at 25 °C. At 
least triplicate determinations were carried out. The materials were deemed to have 




b. Compatibility of yeast cells with coating materials 
The compatibility of yeast cells with the coating materials was determined by 
viable count using the spread plate method described previously. A known number of 
yeast cells were dispersed in Surelease and Aquacoat with 30 % triethyl citrate.  The 
dispersions were gently stirred and samples taken every hour over 2 h for viable cell 
count.  
 
5. Assay of ethanol produced in fermentation 
a. Optimisation of operation conditions of gas chromatography   
The amount of ethanol was determined using gas chromatography (Hewlett 
Packard 5890 Series II, USA) equipped with a Durabond-Wax (DB Wax) column (1 μm 
film thickness, 30 m x 0.53 mm I.D., J&W Scientific, USA) and flame ionization detector 
(FID). Nitrogen was used as the carrier gas. Samples of 1 μl each, consisting of the 
ethanol and acetone (internal standard) in 2-ethyl-1-hexanol (extraction solvent) were 
injected into the injection port by manual injection. The injector and the detector 
temperature were fixed at 220 °C and 240 °C respectively. The influence of initial 
temperature, temperature increment rate, final temperature, carrier gas flow rate, initial 
temperature hold time and final temperature hold time were investigated. The optimised 






b. Construction of calibration plot 
This calibration plot was constructed using the gas chromatographic system, GC 
5890 Series II (Hewlett Packard, USA). Different concentrations of absolute ethanol in 2-
ethyl-1-hexanol were prepared. Ten μl of acetone was added as internal standard to 390 
μl of each ethanol concentration. Using the optimised operation condition, the ratio of the 
peak areas between ethanol and acetone was obtained for each concentration of ethanol. 
The experiment was carried out in triplicate and the results averaged. The calibration plot 
of ethanol concentration versus ratio of the peak areas was then constructed. 
 
c. Determination of extraction efficiency of ethanol from fermentation medium 
This study was constructed using the gas chromatographic system, GC 5890 
(Hewlett Packard, USA). A known amount of absolute ethanol was added to the 
fermentation medium and mixed well. 600 μl of 2-ethyl-1-hexanol was then added to an 
equal volume of the above mixture, followed by vigorous mixing for 5 min. The organic 
phase composed of ethanol in 2-ethyl-1-hexanol was separated from the aqueous phase 
by centrifugation (Kubota 1720, RA-50J rotor, Japan) at 25 °C, 6000 rpm for 5 min. The 
organic phase was placed into a separate vial. The remaining aqueous phase was then 
added with another 600 μl of 2-ethyl-1-hexanol and the above procedure repeated. The 
extraction was repeated up to 3 times. The 3 portions of organic phase collected were 
combined and 380 μl of the mixture withdrawn and added to 20 μl of acetone. The 
amount of ethanol in this sample was then assayed by gas chromatography described 
previously. The ratio of the peak areas between ethanol and acetone was obtained and the 
corresponding concentration of ethanol derived from the calibration plot. The total 
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amount of ethanol recovered was compared to that added to the fermentation medium. 
The extraction efficiency was calculated as follows: 
 
           (3) 
 
The above experiment was repeated with 4 and 5 cycles of extraction respectively and the 
corresponding extraction efficiency calculated. 
 
d. Preparation of test sample for assay of ethanol produced in fermentation 
Sample of 600 μl of fermentation medium was withdrawn at a specific time of the 
fermentation process for ethanol assay. The fermentation medium was centrifuged at 4 °C, 
10,000 rpm for 10 min and the supernatant further passed through a 0.45 μm membrane 
filter to remove any debris. The ethanol in the sample was extracted according to the 
procedure in Section B. 5c for assay by gas chromatography. 
 
6. Fermentation  
a. Optimisation of conditions for fermentation 
Preliminary studies were carried out using free yeast cells to determine the 
influence of medium and method of fermentation on the production of ethanol.  
 
i. Influence of fermentation medium 
The fermentation media tested were 10 %w/w sucrose solution, 10 %w/w sucrose 
solution with 5 %w/w glucose or 10 %w/w sucrose solution with 2 %w/w malt extract. A 
Extraction efficiency = x 100
Amount of ethanol recovered
Amount of ethanol added
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standardised amount of yeast cells, for both Saccharomyces cerevisiae ATCC 9763 and 
turbo extra yeast, was dispersed in 250 g of the fermentation medium and placed in a 
shaker water bath set at 30 °C and 90 strokes per min. A close-system was employed for 
fermentation. The amount of ethanol produced in the different media was determined 
according to the procedure in Section B. 5c. The experiments were carried out in 
triplicate and the results averaged. 
 
ii. Influence of sucrose concentration and duration of fermentation 
Various concentrations of sucrose solution (10 to 40 %w/w) with 2 %w/w malt 
extract and durations of fermentation (1 to 4 days) were employed. The respective 
amounts of ethanol produced were determined in triplicate. 
 
iii. Influence of fermentation method 
As pressure build up was observed for fermentation using the close-system, an 
open-system (with the release of fermentation gases) was explored. The amounts of 
ethanol produced by both methods were compared. The open-system and close-system 
are illustrated in Figure 7.  
 
b. Comparison of ethanol production between free and microencapsulated yeast 
cells 
 
Free yeast cells and microencapsulated yeast cells with or without scaffold were 
subjected to fermentation using previously optimised conditions that comprised an open-
system with 30 %w/w sucrose solution and 2 %w/w malt extract over 6 days. The 
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experiments were carried out in triplicate and the results averaged. The amounts of 
ethanol produced were compared. 
 
(a)     (b)  
 
Figure 7. Illustration of fermentation systems: (a) close-system and (b) open-system. 
 
c. Recycling studies 
The microencapsulated yeast cells were allowed to carry out fermentation 
according to the procedure described in Section B. 6b. At the end of the fermentation 
process, the microencapsulated yeast cells were collected by filtration in vacuo and then 
introduced into a fresh fermentation medium. The above procedure was repeated 
successively. The amount of ethanol produced in each cycle was determined and the 












7. Statistical analysis 
The data were reported as mean ± standard deviation and the differences were 
assessed for significance using Independent Sample T-test or OneWay ANOVA with 
level of significance at α= 0.05. 
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IV. RESULTS AND DISCUSSION 
A. Cultivation of yeast and standardisation of yeast inoculum for 
microencapsulation 
 
Two yeast strains were used in this study: Saccharomyces cerevisiae (ATCC 9763) 
which was more sensitive and turbo extra yeast which was more hardy. 
 
1. Saccharomyces cerevisiae ATCC 9763 
The yeast was cultivated in malt extract broth and the viable count was 
determined at two-hour intervals from 12 to 24 h of incubation. Figure 8 shows the 
growth curve of the yeast. The yeast reached the late exponential growth phase around 20 
h of incubation and its growth declined slightly thereafter due to cell death. The optical 












































Figure 8. Growth of yeast indicated by viable count (○) and optical density (●) of the 
yeast culture. 
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value after 20 h of incubation, indicating that the number of yeast cells remained constant 
after 20 h.  
The yeast cells in the late exponential phase were harvested and suspended in 
sterile water. The yeast suspension was diluted to different extents of turbidity and the 
viable counts of the dilutions determined (Table 3). An OD value of 0.500, which 
corresponded to 3.6 x 107 CFU/ml, was chosen to standardise the inoculum for 
subsequent experiments.   
 
Table 3. Viable count of yeast suspension of varying turbidity. 
 
Optical density (OD) Viable count (CFU / ml) 
0.100 1.8 x 106 
0.200 4.9 x 106 
0.300 5.3 x 106 
0.400 6.4 x 106 
0.500 3.6 x 107 
0.600 4.2 x 107 
0.700 4.4 x 107 
0.800 5.5 x 107 
0.900 1.5 x 108 




2. Turbo extra yeast 
Viable count was determined for each pack of dried yeast sachet before use and 
the results showed that each pack had approximately 109 CFU/g. The viable counts of 3 
sachets were also determined after storage over several months at 4 °C. Only a slight 
decline in the viable count was observed, from 2.0 x 109 CFU/g to 1.9 x 109 CFU/g and 
1.64 x 109 CFU/g after 1 and 2 months respectively. The decline in viable count was 
statistically insignificant (p> 0.05). 
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B. Scale up production of calcium alginate microspheres 
1. Blank alginate microspheres 
A modified emulsification method (Wan et al., 1990; Wan et al., 1992) was 
employed for the production of calcium alginate microspheres. Optimisation study was 
carried out to scale up the production of discrete calcium alginate microspheres. The 
microspheres would be spray-coated at a later stage and should have size suitable for the 
rotary atomiser (<1 mm) in the coater. The effects of sodium alginate concentration (8, 9 
and 10 %w/w), surfactant concentration (3, 4 and 5 %w/w) and HLB values (5, 6, and 7) 
on the size, shape and aggregation of the microspheres were studied.  
Figure 9 shows the surface plot of the mean calcium alginate microsphere size at 
various sodium alginate concentrations and HLB values at 3 %, 4 % and 5 %w/w 
surfactant blends. It can be seen that the size of microspheres prepared with 8 and 9 
%w/w sodium alginate decreased when the HLB value was increased from 5 to 7 for all 
the surfactant concentrations. This indicated that the higher HLB value, obtained with a 
higher proportion of hydrophilic surfactant in the blend, increased the efficiency of 
emulsification. However, the size of microspheres prepared with 10 %w/w sodium 
alginate solution increased when the HLB value was increased for all surfactant 
concentrations, indicating that the increased HLB value did not play a role in decreasing 
the size of microspheres at high sodium alginate concentration. On the other hand, the 
microsphere size decreased when the surfactant concentration was increased. Except for 
microspheres prepared with 10 %w/w sodium alginate at surfactant concentrations of 3 
and 5 %w/w with HLB value of 5, the size of the microspheres increased markedly when 




































Figure 9. Surface plots of the mean calcium alginate microsphere size at various sodium 




the increased viscosity of the sodium alginate solution, making it more difficult to 
disperse. 
Table 4 shows the mean size, extent of aggregation, shape and yield of the 
microspheres prepared with three concentrations of sodium alginate and different 
concentrations and HLB values of surfactant blends. The percentage of microsphere 
aggregation generally decreased when the concentration and HLB value of the surfactant 
blend increased but the percentage of aggregation increased when the concentration of 
sodium alginate increased. Clearly, a high surfactant concentration prevented smaller 
microspheres from clumping whilst a more hydrophilic surfactant blend (higher HLB) 
promoted globule/microsphere dispersion. Nevertheless, all the microspheres prepared 
from the different formulae were relatively spherical, with roundness indices ranging 
from 0.93 to 0.98. The yield of microspheres prepared with 8, 9 and 10 %w/w sodium 
alginate increased when the concentration of surfactant blend was increased. The same 
trend was observed for microspheres prepared with 8 and 9 %w/w sodium alginate when 
the HLB value of the surfactant blends was increased. However, for the microspheres 
prepared with 10 %w/w sodium alginate, the yield decreased when the HLB value 
increased.  This could be attributed to the appreciable amount of calcium alginate adhered 
to the mechanical stirrer and wall of the reaction vessel. 
It was desirable to obtain a high yield of spherical microspheres with a low degree 
of aggregation. Most importantly, the size of the microspheres should be well below the 
nozzle diameter of 1 mm in order to pass through the atomiser of the spray coater. Hence, 
the concentration of sodium alginate investigated ranged from 8 to 10 %w/w. Lower 
concentrations would result in less microspheres produced while higher concentrations  
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Table 4. Mean size, extent of aggregation, shape and yield of microspheres produced with 







Yield    
(%)
3 37.39 15.61 0.96 62.13
4 32.96 11.89 0.98 73.75
5 32.60 12.04 0.98 76.88
3 48.31 13.42 0.97 65.44
4 42.24 14.16 0.95 69.56
5 41.05 13.04 0.95 73.33
3 45.29 18.70 0.96 73.40
4 47.11 16.67 0.97 79.60



















Yield    
(%)
3 35.46 13.79 0.93 66.00
4 31.89 11.50 0.98 76.63
5 26.99 6.10 0.96 77.00
3 35.47 13.04 0.96 71.33
4 38.68 11.11 0.96 76.89
5 39.01 7.83 0.96 78.56
3 52.76 20.63 0.98 68.00
4 48.28 9.09 0.97 71.10


















Yield    
(%)
3 27.94 8.35 0.97 70.75
4 24.84 6.10 0.97 76.13
5 23.48 2.91 0.96 79.88
3 34.22 9.91 0.96 73.89
4 28.32 8.26 0.95 75.44
5 36.47 5.21 0.95 80.89
3 54.35 11.89 0.97 60.20
4 50.66 8.26 0.97 70.00













would produce very viscous solutions that were difficult to transfer from the reaction 
vessel to the spray nozzle. Surfactant concentrations higher than 5 % were also avoided 
as such concentrations might be harmful to the yeast cells. Moreover, high surfactant 
concentrations are likely to produce very small calcium alginate microspheres that tend to 
form aggregates. Based on the findings, the optimal conditions to meet the stated criteria 
consisted of 8 %w/w sodium alginate and 5 %w/w surfactant blend with HLB of 7. 
Using the optimal conditions, microspheres consisting of yeast cells were 
prepared. Figure 10 shows that the size distributions of the blank and the yeast-loaded 
calcium alginate microspheres are comparable. The mean size, sphericity, extent of 
aggregation and yield of the yeast-loaded microspheres were 24.40 µm, 0.95, 3.81 %, and 
78.62 % respectively. In comparison, the values for the blank microspheres were 23.48  
 
 
Figure 10. Size distributions of blank calcium alginate microspheres (□) and yeast-loaded 
calcium alginate microspheres . 
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µm, 0.96, 3.91 %, and 79.88 % respectively. It can be clearly seen that the two types of 
microspheres had comparable physical characteristics. Addition of the yeast did not affect 
the formation of the microspheres. In addition, the sodium alginate solution protected the 
yeast cells from possible harmful effects of the immiscible isooctane by forming a barrier 
around the cells. Figure 11 shows the photographs of free yeast cells, blank and yeast-
loaded calcium alginate microspheres.  
 
C. Optimisation of operating conditions for spray drying of yeast cells  
 
As the microspheres would be coated using a spray dryer, it is important that the 
operating conditions employed for spray drying were not harmful to the yeast.  The 
operating conditions include the inlet and outlet air temperatures, and atomising wheel 
speed. Therefore, studies were carried out to investigate the influence of these factors, as 
well as the protective effect of additives on the viability of yeast. The additive also served 
as a bulking agent. Compounds such as sucrose, glucose, maltodextrin and trehalose are 
commonly used as microencapsulating agents and stabilizers for food, proteins and 
biomaterials undergoing dehydration (Bhandari and Howes, 1999; Crowe et al., 2001; 
Teixeira et al., 2004; Passot et al., 2005; Jovanovic et al., 2006).  
Sucrose and trehalose were reported to display the same ability in preserving 
biomaterials (Crowe et al., 2001). The low molecular weight saccharides, such as glucose 
and sucrose, exhibit low glass transition temperature (Tg) of 31 to 36 ºC and 62 to 67 ºC 
respectively, and are less suitable for spray drying due to stickiness problems (Bhandari 






  (b) 
 
  (c) 
 
Figure 11. Photographs of (a) free yeast cells, (b) blank calcium alginate microspheres 
and (c) yeast-loaded calcium alginate microspheres. 
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trehalose, which have high Tg of 100 ºC or higher, are more suitable for spray drying 
(Bhandari and Howes, 1999; Crowe et al., 1996). Therefore, maltodextrin and trehalose 
were used in this study for the investigation of suitable operating conditions for spray 
drying the yeast cells. 
 
1. Saccharomyces cerevisiae ATCC 9763 
A preliminary study was carried out to correlate viable count of the yeast with 
turbidity of the yeast suspension consisting of 10 %w/w maltodextrin or trehalose (Table 
5). The yeast suspension employed for spray drying was prepared by appropriate dilution 
to obtain an OD of 0.600 that corresponds to 107 CFU/ml. 
 
Table 5. Correlation between viable count and turbidity of yeast suspension with 10 
%w/w maltodextrin or trehalose. 
 
Viable count (CFU / ml) Optical density 




0.100 1.1 x106 0.7 x 106 
0.200 2.0 x106 1.8 x106 
0.300 5.3 x 106 3.5 x 106 
0.400 6.9 x 106 5.9 x 106 
0.500 8.1 x 106 8.4 x 106 
0.600 1.0 x 107 1.1 x 107 
0.700 3.2 x 107 4.5 x 107 
0.800 5.5 x 107 5.7 x 107 
0.900 8.9 x 107 1.1 x 108 
1.000 1.0 x 108 1.8 x 108 




The effects of the operating conditions on the viability of the yeast cells are 
shown in Table 6. Variation in atomising wheel speed from 20000 to 23000 and 25700 
rpm at inlet air temperature of 140 ºC and outlet air temperature of 55 ºC had minimal 
impact on the viability of yeast cells, as indicated by the small change in log reduction of 
cells from 1.37 to 1.24 and 1.31 respectively. Thus, for subsequent experiments, the 
atomising wheel speed was set at the moderate 23000 rpm. The inlet air temperature was 
varied from 130 to 140 and 150 °C and found to have minimal influence on cell viability 
when the outlet air temperature was set at 55 °C. The log reduction factors for outlet air 
temperature of 60 °C were higher but the trend was similar. When outlet air temperature 
was set at 50 °C, water condensation was observed in the drying chamber and the product 
collection flask, indicating that the outlet air temperature of 50 °C was insufficient to 
remove moisture from the product.  However, when the inlet air temperature was set at 
 
Table 6. Effects of spray drying conditions on log reduction of Saccharomyces cerevisiae 














130 55 23,000 1.21
130 60 23,000 2.12
140 55 23,000 1.24
140 60 23,000 2.17
150 55 23,000 1.28
150 60 23,000 2.59
140 55 20,000 1.37
140 55 25,700 1.31
140 55 23,000 0.19
140 60 23,000 0.26
140 65 23,000 0.98









130 °C and outlet air temperature increased from 55 to 60 °C, the viability of the yeast 
was significantly reduced as indicated by the change in log reduction factor from 1.21 to 
2.12. Same trend was noted when the outlet air temperature was increased with inlet air 
temperature at 140 or 150 °C. Similar findings were reported in another study on spray-
drying of brewer’s yeast (Luna-Solano et al., 2005). The above findings confirmed that 
the outlet air temperature had considerable impact on cell viability as compared with the 
inlet air temperature. This could be because the feed was atomised instantaneously into 
the chamber, with minimal exposure to the inlet air temperature. In contrast, the atomised 
feed was exposed for a longer duration in the drying chamber to temperature equivalent 
to that of the outlet air. 
The ability of trehalose to protect the yeast cells from the harmful effects of 
spray-drying was also studied. A set of predetermined operating conditions was 
employed. This comprised the atomising wheel speed of 23000 rpm, inlet air temperature 
of 140 °C and a range of outlet air temperatures from 55 to 70 °C. Results from the spray 
drying runs showed much lower log reduction factors of 0.19 and 0.26 for trehalose 
compared to maltodextrin (1.24 and 2.17) when the outlet air temperature was set at 55 or 
60 °C respectively. Nevertheless, cell death increased when the outlet air temperature was 
increased from 55 to 70 °C, as indicated by the increasing value of log reduction factor 
from 0.98 to 1.75. For spray drying runs with operating conditions at higher temperature, 
trehalose enabled greater survival of yeast cells compared to maltodextrin.  
Trehalose is naturally found in desert plants, seeds, yeast cells and many 
anhydrobiotic organisms such as fungal spores. It has been reported to be useful as a 
protective agent for microorganisms and liposomes during processing. It is also employed 
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in the hypothermic storage of human organs, and treatment of dry eye syndrome or dry 
skin (Crowe et al., 2001). The protective mechanism of this sugar during dehydration of 
the organism was attributed to the replacement of structural water by the sugar molecules 
mainly by hydrogen bonding, thus stabilizing the structural and functional integrity of the 
affected components (Crowe et al., 1998).   
Figure 12 shows the spray-dried particles obtained from yeast-maltodextrin and 
yeast-trehalose suspensions respectively. Spray-drying with maltodextrin produced 
particles with pronounced indentations, in contrast to highly spherical particles produced 
when trehalose was used. The appearance of the maltodextrin particles is probably due to 
the material properties as the same drying conditions were employed for trehalose. The 
dents seen for yeast-maltodextrin spray dried particles indicated the formation of weak 
shells that collapsed on cooling due to decreased solvent vapour pressure (Parikh, 2008). 
On the other hand, trehalose formed hydrogen bonds that supported the integrity of the 
particle shell wall.  
 
 
Figure 12. Spray-dried particles obtained from (a) yeast-maltodextrin and (b) yeast-
trehalose suspensions with inlet air temperature of 140 °C and outlet air temperature of 
60 °C. 
(a)        (b) 
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2. Turbo extra yeast 
 
As spherical particles are generally preferred to irregular ones, trehalose was 
chosen for spray-drying of the turbo extra yeast. The yeast-trehalose suspensions were 
adjusted to give an OD of 0.600 that corresponds to 107 CFU/ml (Table 5). The operating 
conditions for spray-drying and the resultant yeast viability are shown in Table 7.  The 
log reduction factor increased from 0.37 to 1.60 when the outlet air temperature was 
increased from 55 to 70 °C. The same trend was observed for S. cerevisiae ATCC 9763. 
However, turbo extra yeast was more sensitive to the harmful effects of spray-drying as 
indicated by the higher log reduction factor obtained under similar operating conditions. 
 















140 55 23,000 0.37
140 60 23,000 0.58
140 65 23,000 1.26





D. Coating materials 
1. Sterilization of coating materials 
The coating materials employed had to be sterilized to avoid contamination of the 
product by unwanted microorganisms. The effects of heat sterilization on TEC and 
ethylcellulose dispersions were unknown. Therefore, the stability of these coating 
materials was studied by evaluating their viscosity before and after sterilization.  
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The Surelease and Aquacoat dispersions were each diluted to 10 %w/w with 
deionised water. The dilutions were then sterilized using an autoclave. It was found that 
there was insignificant difference in viscosity before and after autoclaving the Surelease 
sample (p> 0.05). In contrast, the Aquacoat sample became viscous and pasty after 
autoclaving. This clearly shows that changes in the properties of the polymeric 
component of Aquacoat had occurred when high temperature and pressure were applied 
during autoclaving. Unlike Aquacoat, Surelease consists of ammonium oleate which 
appeared to stabilize the polymeric component. Sterilization by autoclaving was suitable 
for Surelease but not Aquacoat. Sterilization by filtration is not appropriate for the 
Aquacoat dispersion as it consisted of suspended particles. Since the Aquacoat dispersion 
supplied had a low microbial count of <120 CFU/g, it was used as supplied. However, 
aseptic technique was employed to prepare the appropriate dilutions of Aquacoat 
dispersion for spray-drying.  
As the plasticizer (TEC) for Aquacoat is a liquid, autoclaving was explored for its 
sterilization. However, as recommended by other researchers, heat sterilization was also 
examined (Alcamo, 1998). It was found that both autoclaving and heat sterilization 
affected the viscosity of TEC significantly (p< 0.01). Therefore, TEC was sterilized by 
the more tedious filtration technique.  
 
2. Compatibility of coating materials with yeast  
An appropriate amount of yeast (S. cerevisiae ATCC 9763 and turbo extra yeast) 
was inoculated into 10 %w/w Surelease and 10 %w/w Aquacoat (pre-plasticized with 
TEC and stirred for 5 h) respectively, to give 107 CFU/ml. Using plating method, no 
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growth was observed after introducing both strains of yeast cells into the Surelease 
dispersion. In contrast, the reverse was observed for the Aquacoat dispersion. Unlike 
Aquacoat, Surelease consisted of a plasticizer and an ammonium compound besides 
ethylcellulose. Yeast grows best in slightly acidic condition. Hence, the death of yeast in 
the Surelease dispersion could be attributed to the relatively high pH (pH 9) imparted by 
the ammonium compound. Therefore, Surelease was not suitable as a coating material for 
yeast and Aquacoat was employed in the subsequent coating processes. 
 
E. Ethanol assay 
1. Optimisation of gas chromatographic method for assay of ethanol 
 
The test mixture employed consisted of ethanol, 2-ethyl-1-hexanol (solvent for 
extraction of ethanol) and acetone (internal standard). The variables investigated include 
the initial column temperature, initial temperature hold time, the rate of temperature 
increase, the final column temperature, final temperature hold time and the carrier gas 
flow pressure. The various temperatures were set to allow the compound with various 
boiling points to elute. For example, the boiling points of acetone, ethanol and 2-ethyl-1-
hexanol are 56.29, 78.2 and 184.65 °C respectively. When the temperature is set higher, 
the solvent which is more volatile will elute faster than the markedly less volatile ones. 
Compounds with close volatility may however elute at the same time. When the 
temperature is set lower, it will cause a longer retention time and the peaks shown in the 
chromatogram may be poorly separated. Therefore, temperature programming with a 
specific increment of temperature per minute was adopted in the middle of the run to 
accommodate compounds with different volatility. A higher carrier gas flow pressure will 
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cause the compounds to pass through the column quickly without properly interacting 
with the stationary phase. Hence, it was also necessary to optimise the carrier gas flow 
pressure to obtain maximum resolution.  
The operating conditions, consisting of an initial column temperature of 45 °C for 
10 min, followed by a ramp increase in temperature of 50 °C per min to a final column 
temperature of 200 °C for 10 min with carrier gas flow pressure at 3 psi, were found to be 
optimal as it enabled complete separation of the constituents of the test mixture and 
reproducible results. An example of the chromatograms obtained is shown in Appendix I. 
The first peak with a retention time of ~7.9 min represents acetone. The second peak with 
a retention time of ~11.5 min and the third peak with a retention time of ~16.2 min 
represent ethanol and 2-ethyl-1-hexanol respectively. 
 
2. Extraction of ethanol from fermentation media  
The procedure for separating ethanol from the aqueous fermentation medium was 
adapted from the methods employed by other investigators (Munson and King, 1984; 
Egan et al., 1988; Offeman et al., 2005). A known amount of solvent was added to an 
aqueous solution with known amount of ethanol (5 %v/v). The mixture was agitated for a 
specific period of time and the organic phase separated for assay of ethanol. The 
procedure was repeated. The extraction efficiency was represented by the total amount of 
ethanol extracted expressed as the percentage of the original amount of ethanol. The 
solvent chosen for extracting ethanol from the fermentation medium was 2-ethyl-1-
hexanol as it has a relatively high ethanol/water distribution coefficient compared with 
other potential solvents (Munson and King, 1984; Egan et al., 1988; Offeman et al., 
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2005). The distribution coefficient describes the capacity of the solvent to extract ethanol 
from water. 
Figure 13 shows the extraction efficiency of the number of extraction cycles. The 
extraction efficiency increased from 32.51 % to 56.74 % and 72.37 % when the 
extraction cycle was increased from 1 to 2 and 3 times. The extraction efficiency 
increased slightly to 77.82 % after 4 extraction cycles and levelled off at about 80 % after 
5 extraction cycles. This shows that the extraction efficiency had reached the maximum 
of about 80 %. Hence, for greater work productivity, 3 cycles of extraction was employed 
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3. Calibration curve for ethanol assayed by gas chromatography  
The original gas chromatographic system (GC 5890) broke down and was 
replaced by another model (GC 5890 Series II). The optimal operating conditions 
determined for the GC 5890 model were modified to obtain complete separation of the 
constituents of the test mixture using the GC 5890 Series II model (Appendix II). The 
column temperature was first maintained at 50 °C for 5 min, followed by an increase at a 
rate of 60 °C/min to a final column temperature of 200 °C for 10 min. The carrier gas 
(nitrogen) flow pressure was set at 3 psi. Figure 14 shows the calibration curve for 
ethanol assayed using the GC 5890 series II model. Using linear regression analysis, the 
curve was found to exhibit strong linearity (R2= 0.989).  
 

























Figure 14. Calibration curve for ethanol assayed using the GC 5890 Series II model. 
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F. Fermentation methods and conditions 
Different yeast strains are expected to require different conditions for optimal 
growth and have different abilities in producing alcohol by fermentation. Preliminary 
studies were carried out using both S. cerevisiae ATCC 9763 and commercial Turbo 
Extra Yeast. The suitability of various fermentation media, methods and duration was 
investigated by determining the total ethanol production as shown in Figures 15, 16 and 
17.   
 
1. Selection of a suitable fermentation medium 
Sucrose solution (10 %w/w) was initially employed as a substrate for 
fermentation by the yeast (Figure 15). The concentration of ethanol produced by S. 
cerevisiae ATCC 9763 in this medium was extremely low (<1 %v/v after 5 days). The 
concentration of ethanol produced by the turbo extra yeast was higher (~4 %v/v after 5 
days) but it was still unsatisfactory. Some literature reports suggested that the use of 
multiple substrates (glucose, lactose and/or xylose) in the medium might be necessary to 
promote the growth and metabolic activity of microorganisms such as the lactobacilli and 
Escherichia coli (Halasz et al., 1994; Masson et al., 1997; Jyoti et al., 2004; Cid et al., 
2008). However, glucose was reported as the preferred substrate for microorganisms.   
Hence, glucose was added to the fermentation medium and its effect on ethanol 
production was determined. Results indicated that glucose had insignificant effect (p> 
0.05) on the production of ethanol by S. cerevisiae ATCC 9763. The concentration of 
ethanol produced by the turbo extra yeast was significantly increased (p< 0.05) from ~4 


























Figure 15. Ethanol produced by S. cerevisiae ATCC 9763 (open symbol) and turbo extra 
yeast (close symbol) using 10 %w/w sucrose (◊,♦), 10 %w/w sucrose with 5 %w/w 
glucose (□,■) and 10 %w/w sucrose with 2 %w/w malt extract broth (○,●).   
 
to cultivate yeast, was then employed with 10 %w/w sucrose and it led to a marked 
increase in ethanol production. The concentration of ethanol produced by S. cerevisiae 
ATCC 9763 and turbo extra yeast increased to ~6 %v/v after 5 days. However, the use of 
malt extract alone did not yield appreciable amount of ethanol. These findings show that 
certain compounds found in malt extract (such as amino acid which is the source of 
nitrogen needed for anaerobic respiration) were necessary to achieve high ethanol 
production by S. cerevisiae ATCC 9763 (Gump et al., 2001). Besides, the high ethanol 
production could be due to the high growth rate that results in higher fermentation rate 
(Beudeker et al., 1990; Liden et al., 1995; Manginot et al., 1997). Turbo extra yeast was 
able to produce a much higher concentration of ethanol from sucrose without the addition 
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of malt extract. This could be due to the inherent ability of turbo extra yeast or the 
presence of equivalent additives in the yeast sample purchased. As malt extract was 
found to be useful, it was employed with sucrose in subsequent fermentation studies.  
 
2. Determination of suitable fermentation method 
Two fermentation systems were evaluated in this study (Figure 7). Built-up of 
pressure inside the fermentation flask was observed when the close-system was employed. 
This necessitated occasional loosening of the flask cover to release the pressure. The 
latter was attributed to the production of gases associated with the fermentation process. 
The open-system was proposed to avoid the built-up of pressure while maintaining an 
anaerobic condition in the flask. Malt extract broth with 10 %w/w sucrose was used to 
evaluate the efficiency of the two fermentation systems by comparing their ethanol yield 
as shown in Figure 16. Turbo extra yeast and S. cerevisiae ATCC 9763 produced 6.62 % 
and 6.41 % of ethanol, respectively with the close-system and 7.05 % and 6.60 % of 
ethanol, respectively for the open-system. Statistical analysis shows insignificant 
difference in ethanol yield (p> 0.05) between the two fermentation systems. The open- 
system was able to achieve the objective of preventing pressure built-up while providing 
a condition suitable for fermentation. The major advantage of the open-system is the 
avoidance of explosive risk due to a pressurized container with on-going fermentation. 



























Figure 16. Ethanol production by S. cerevisiae ATCC 9763 (open symbol) and turbo 
extra yeast (close symbol) in open-system (○,●) and close-system (□,■).  
 
3. Influence of sucrose concentration and fermentation period on ethanol 
production 
 
Fermentation media composed of 2 %w/w malt extract and various concentrations 
of sucrose (10 %w/w to 40 %w/w) were used to study the effect of sucrose concentration 
on ethanol yield for both yeast strains. The amount of ethanol produced increased with 
time and then levelled off (Figure 17). By the second day, it was clearly seen that ethanol 
yield increased significantly (p< 0.001) for both yeast strains when the sucrose 
concentration was raised from 10 %w/w to 20 %w/w. Ethanol yields from 20 %w/w and 
30 %w/w sucrose for both the yeast strains were comparable (p> 0.05) but decreased 
markedly at 40 %w/w sucrose. The latter could be attributed to the inhibitory effect of 
high osmotic pressure associated with a high sucrose concentration (Birol et al., 1998). 


























Figure 17. Ethanol production by S. cerevisiae ATCC 9763 (open symbol) and turbo 
extra yeast (close symbol) in fermentation medium with 2 %w/w malt extract and 10 
%w/w sucrose (○,●), 20 %w/w sucrose (□,■), 30 %w/w sucrose (Δ,▲) and 40 %w/w 
sucrose (◊,♦). 
 
sucrose. However, turbo extra yeast was able to produce more ethanol than S. cerevisiae 
ATCC 9763 at higher concentrations of sucrose. S. cerevisiae ATCC 9763 produced 
10.58 %v/v of ethanol while turbo extra yeast produced 13.80 %v/v of ethanol by the 
fourth day when 20 %w/w of sucrose was used. With 30 %w/w sucrose, S. cerevisiae 
ATCC 9763 reached the maximal ethanol concentration of 10.98 %v/v at day 4 while 
turbo extra yeast produced 14.43 %v/v at the same time. Comparing the ethanol yields, it 
was noted that S. cerevisiae ATCC 9763 could produce up to about 11 %v/v ethanol 
while turbo extra yeast could achieve up to about 14 %v/v. This indirectly reflects the 
higher tolerance of turbo extra yeast to ethanol in the fermentation medium. It was 
proposed that yeast strains with higher ethanol tolerance possessed a higher proportion of 
 60
longer-chain unsaturated fatty acids in their cellular membranes, which prevented their 
disruption by solvents such as ethanol (Scragg, 2005). Based on the above results, 
subsequent fermentation studies were carried out using turbo extra yeast with 
fermentation media composed of 30 %w/w sucrose and 2 %w/w malt extract. 
 
G. Coating of alginate microspheres 
Hypothetically, microspheres can be scaffold-coated by spray drying the 
microspheres in a polymeric dispersion. The spray droplets will be dried in the hot air 
medium in the chamber. In the drying process, the polymeric dispersion around the 
microspheres will dehydrate rapidly and the polymeric particles coalesce to form a 
scaffold coat around the microspheres.  
In this study, the alginate microspheres were scaffold-coated with an aqueous 
dispersion of ethylcellulose (Aquacoat) and triethyl citrate (plasticizer), with or without 
trehalose.  The weight ratio of yeast-loaded alginate microspheres to coating material was 
also varied. Figure 18 shows the photographs of yeast-loaded alginate microspheres 
scaffold-coated with different coating formulations. Considerable amounts of aggregates 
were produced when equal proportions of microspheres and coating material were used 
(Figure 18a). Aggregation was much less evident when the amount of coating material 
was reduced to half, that is, microspheres to coating material at 2:1 weight ratio based on 
solid content (Figure 18b, c and d).   
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Figure 18. Photographs of yeast-loaded calcium alginate microspheres coated with 
different formulations (a) 1:1 ratio without trehalose, (b) 2:1 ratio without trehalose, (c) 
2:1 ratio with 10 %w/w trehalose and (d) 2:1 ratio with 25 %w/w trehalose (The ratio 




H. Ethanol production of free yeast cells, scaffold-coated and non-scaffold 
coated alginate microspheres containing yeast cells 
 
Turbo extra yeast was used in this study as it was capable of producing higher 
ethanol yield compared to S. cerevisiae ATCC 9763. This strain of yeast produced a 
maximum ethanol yield of about 14 %v/v with either 20 %w/w or 30 %w/w of sucrose to 
which 2 %w/w malt extract was added. The higher sucrose concentration was chosen to 
(a)       (b) 
(c)       (d) 
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compare the fermentation efficiency between equivalent amounts of the free and 
microencapsulated yeast cells. 
Ethanol yields of the free yeast cells (FYC), alginate microspheres containing 
yeast cells (AMYC) and EC scaffold-coated alginate microspheres containing yeast cells 
(EC-AMYC) are summarised in Figure 19. FYC produced the maximum ethanol 
concentration of 14.43 %v/v by day 4 of fermentation, which then levelled off with time 
thereafter. In contrast, AMYC produced a significantly higher maximum ethanol 
concentration of 15.31 %v/v (p< 0.05), but this took a longer time (6 days) to achieve. 

























Figure 19. Ethanol production by turbo extra yeast: free yeast cells (●), alginate 
microspheres containing yeast cells (■) and EC scaffold-coated alginate microspheres 
containing yeast cells without trehalose (○), with 10 %w/w trehalose (▲) and with 25 
%w/w trehalose (♦), at microsphere: coating material weight ratio of 2:1. 
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attributed to the lower mass transfer due to hindrance by the alginate matrix. However, 
the ethanol production continued and reached a higher concentration than that by FYC 
after 5 days and was sustained. The ethanol yield by AMYC (~15 %v/v) was higher 
compared to that by EC-AMYC (12 %v/v to 14 %v/v), which could be due to the 
additional EC coat as a barrier to mass transfer. 
Microsphere to coating material weight ratio of 1:1 was unsuitable as it resulted in 
considerable aggregation of microspheres (Figure 18a). In addition, these microspheres 
produced insignificant amount of ethanol, only about 0.03 %v/v after 6 days of 
fermentation. In contrast, the amount of ethanol produced by the microspheres coated at 
2:1 ratio, without or with trehalose, increased to more than 8 %v/v at day 4. The ethanol 
yield of the microspheres scaffold-coated at 2:1 ratio with 10 %w/w trehalose increased 
from day 3 to 5 to a peak at 13.83 %v/v ethanol and then decreased gradually with time. 
This could be due to the high death rate of cell and ethanol evaporation overtime. The 
maximum ethanol concentrations produced by the microspheres coated at 2:1 ratio, with 
(10 and 25 %w/w) or without trehalose ranged from 12 %v/v to 14 %v/v and were 
relatively comparable. However, the time taken to reach the maximum ethanol 
production was markedly longer for the microspheres coated with 25 %w/w trehalose or 
without trehalose. The ethanol production by EC-AMYC without trehalose was higher 
than that with 25 %w/w trehalose, corresponding to 13.67 %v/v and 12.73%v/v 
respectively.  
The longer fermentation time of the microspheres with or without scaffold coat, 
compared to those of free yeast cells, could be due to the hindered mass transfer of 
nutrients that include large sugar molecules. Possible harm to the yeast cells during the 
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emulsification process and the spray coating process could also contribute to the longer 
fermentation time. 
Microscopic examination of the microspheres was carried out. Only minimal 
number of free yeast cells was in all the samples before fermentation (Figure 18). 
However, an appreciable number of free yeast cells was observed in the medium at the 
end of the fermentation study using AMYC (Figure 20). Some of the alginate 
microencapsulated yeast cells had broken through the alginate matrix into the 
surrounding medium. The above phenomenon was much less with EC-AMYC without 
trehalose. However, more free yeast cells could be seen with EC-AMYC produced with a 
higher trehalose concentration. Trehalose had created pores in the coat when they 
dissolved in the fermentation media. While the pores facilitated mass transfer, they also 
enabled breakthrough of the cells into the fermentation medium. 
 
I. Recycling of scaffold-coated microspheres 
In this study, EC-AMYC without trehalose was employed as it was desirable to 
have minimal breakthrough of microencapsulated yeast. Moreover, these microspheres 
were able to produce a relatively high ethanol yield. The reusability of the scaffold-
coated microspheres was determined by re-introducing the used microspheres after each 
fermentation cycle into a fresh fermentation medium. The ethanol yields of the different 




Figure 20. Photographs of microspheres after fermentation: (a) non-coated, (b) scaffold-
coated (2:1 ratio; without trehalose), (c) scaffold-coated (2:1 ratio; with 10 %w/w 
trehalose) and (d) scaffold-coated (2:1; ratio with 25 %w/w trehalose). The ratio refers to 
weight of alginate microspheres to weight of coating materials. 
 
Ethanol production in the first cycle of fermentation increased gradually with time, 
to 13.30 %v/v on day 7. A slight increase in ethanol production was noted when the used 
microspheres were subjected to a second cycle of fermentation, giving 13.66 %v/v 
ethanol on day 7. However, a much higher ethanol production was observed in the third 
cycle of fermentation, reaching 15.34 %v/v on day 6.  
The fourth cycle of fermentation produced significantly lower ethanol yield than 
the third cycle on day 5 and thereafter (p< 0.05). This could be due to cell death after  
(a)       (b) 























Figure 21. Ethanol production by recycled scaffold-coated alginate microspheres 
containing yeast cells: first cycle (●), second cycle (■), third cycle (♦), fourth cycle (▲), 
fifth cycle (○) and sixth cycle (□) of fermentation. The microspheres were coated at 2:1 
ratio of microspheres to coating material without trehalose. 
 
prolonged use of the yeast cells. However, the yeast-loaded microspheres in the fourth 
cycle of fermentation were still able to produce a relatively high ethanol concentration of 
15.09 %v/v on day 6 before it decreased gradually with time. Ethanol yield in the fifth 
and sixth cycles decreased significantly (p< 0.05), but the microencapsulated yeast 
continued to produce relatively high ethanol concentration (~13 %v/v) on day 6. These 
findings clearly show that the scaffold-coated microspheres containing yeast cells are 
efficient and could be recycled at least six times for fermentation. 
Although the scaffold-coated microspheres in the first cycle produced a lower 
concentration of ethanol (13.30 %v/v) compared to free yeast cells (14.43 %v/v) and non 
scaffold-coated alginate microspheres (15.31 %v/v), they were able to produce ethanol up 
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to about 15 %v/v in the third and fourth cycles. In addition, these microspheres could be 
easily collected by filtration for re-use and the scaffold minimised the breakthrough of 
microencapsulated yeast cells. 
The appearance of the coated microspheres after each fermentation cycle was 
further examined under the microscope (Figure 22). The number of microencapsulated 
yeast cells was noticeably decreased and the number of free yeast cells increased after 
each fermentation cycle, indicating degradation of the scaffold and matrix. The 
decreasing yeast content of the used microspheres partially contributed to the overall 
decline in ethanol production. 
 In this study, recycling of scaffold-coated microspheres had been clearly 
demonstrated to be a viable option. Extrapolating from the findings, the scaffold-coated 
microspheres would be useful in a continuous fermentation cycle that could be developed 
with continuous removal of alcohol produced and replenishing of the exhausted sugar 
substrate. 






Figure 22. Photographs of scaffold-coated alginate microspheres after fermentation: (a) 
first cycle, (b) second cycle, (c) third cycle, (d) fourth cycle, (e) fifth cycle and (f) sixth 
cycle of fermentation. 
(c)       (d) 
(e)       (f) 




The physical characteristics of the blank and yeast-loaded microspheres were 
comparable. The mean size of the microspheres was influenced by the concentration of 
sodium alginate, as well as the concentration and HLB value of the surfactant blend. The 
mean size of the microspheres increased when sodium alginate concentration was 
increased. In contrast, the microsphere size generally decreased when the concentration 
and HLB of the surfactant blend increased. The same trend was observed for the extent of 
microsphere aggregation. The microspheres prepared from the different formulae were 
relatively spherical. The yield of microspheres prepared with 8 and 9 %w/w sodium 
alginate increased when the HLB value was increased. However, the opposite trend was 
observed for 10 %w/w. Discrete and spherical blank calcium alginate microspheres with 
mean size of 23.48 μm could be successfully produced by the emulsification method by 
employing a well-balanced formulation comprising 8 %w/w sodium alginate, 5 %w/w 
surfactant blend with HLB value of 7. 
The suitable range of operating conditions for spray drying of yeast cells 
comprised atomising wheel speed of 23000 rpm, inlet air temperature of 140 °C, outlet 
air temperature of 55 to 60 °C with trehalose. The variation in atomising wheel speed 
from 20000 to 25700 rpm and inlet air temperature from 130 to 150 °C had minimal 
impact on the viability of the yeast cells. However, when the outlet air temperature was 
varied from 55 to 70 °C, the cell viability was significantly reduced. Trehalose was more 
effective than maltodextrin in preserving the viability of free yeast cells subjected to 
spray-drying. 
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More than 70 % of ethanol could be recovered from the fermentation medium by 
3 cycles of extraction with an equal volume of 2-ethyl-1-hexanol. In the assay of ethanol 
by gas chromatography, ethanol was completely separated from 2-ethyl-1-hexanol and 
acetone (internal standard), and accurately quantified by employing an initial column 
temperature of 50 °C for 5 min, followed by an increase of temperature at a rate of 60 
°C/min to a final temperature of 200 °C for 10 min, with carrier gas flow pressure at 3 psi.  
Malt extract enhanced the production of ethanol by yeast while glucose had little 
effect. Ethanol yield was increased when the sucrose concentration was raised from 10 
%w/w to 20 %w/w, while the ethanol yield for 20 %w/w and 30 %w/w of sucrose was 
comparable. However, the ethanol yield was markedly decreased when sucrose 
concentration was increased to 40 %w/w, probably due to the inhibitory effect of high 
osmotic pressure. Turbo extra yeast exhibited a much higher capability to convert sucrose 
to ethanol at the same sucrose concentration and showed a higher tolerance to ethanol. S. 
cerevisiae ATCC 9763 and turbo extra yeast were able to produce a maximum ethanol 
concentration of about 11 %v/v and 14 %v/v respectively when 30 %w/w sucrose and 2 
%w/w malt extract were used for fermentation.  
The alginate microspheres containing yeast cells were able to produce 
significantly higher ethanol yield (~15 %v/v) compared to the free yeast cells, but a 
longer time was needed to achieve this. The latter could be attributed to the lower mass 
transfer due to hindrance by the alginate matrix. Some of the alginate microencapsulated 
yeast cells were seen to break through the alginate matrix into the surrounding medium 
during fermentation.  
 71
Scaffold-coating of microspheres using 1:1 weight ratio of microspheres to 
coating material produced marked aggregation of the microspheres. This problem was 
minimized by using 2:1 weight ratio. Increasing amount of trehalose in the coating 
dispersion resulted in a more porous scaffold that enhanced breakthrough of 
microencapsulated yeast cells during fermentation and this affected ethanol production. 
The scaffold-coated alginate microspheres containing yeast cells were efficient 
and could be re-used for fermentation.  The ethanol yield increased with the number of 
fermentation cycle, up to the fourth cycle, and then decreased. The decline in ethanol 
production was due to the decreasing yeast content of the used microspheres caused by 
degradation of the scaffold and alginate matrix.  
Recycling of scaffold-coated microspheres had been demonstrated to be a viable 
option for alcoholic fermentation. These microspheres are potentially useful in a 
continuous fermentation cycle that could be developed with continuous removal of 
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Chromatogram obtained under optimal operating conditions of the gas 
chromatographic system (GC 5890) 
 
Injector temperature: 250 ºC 
Detector temperature: 320 ºC 
Oven initial temperature: 45 ºC 
Initial hold time: 10 min 
Heating rate: 50 ºC/min 
Final temperature: 200 ºC 
Final hold time: 10 min 








Chromatogram obtained under optimal operating conditions of the gas 
chromatographic system (GC 5890 Series II) 
 
Date: 17.01.07 
Run 5 (5 % Etoh STD) 
Sample: 5 % Etoh 
Volume: 1ul 
Injector temperature: 220 deg. C 
Detector temperature: 240 deg. C 
Oven initial temperature: 50 deg. C 
Initial hold time: 5 min 
Heating rate: 60 deg.C/min 
Final temperature: 200 deg. C 
Final hold time: 10 min 
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